Although still little used in practice, the non-linear time-history (NlTH) analysis is the most powerful method to design new earthquake-resistant buildings. This kind of analysis may even help the designer to assess the seismic performance of existing buildings and suitably plan their retrofit. With reference to a pre-seismic-code r/c building and to a suite of Italian spectrum-consistent earthquakes, the paper highlights the advantages of adopting NlTH analyses to evidence critical features in the seismic response of existing buildings and to assess in advance the effectiveness of their retrofit strategy. To this purpose, the behaviour of the retrofitted building should be suitably modelled. This paper shows how this can be done when carbon fibre reinforced polymer is used to strengthen the critical sections. Two advanced finite element programmes are adopted in parallel to carry out the numerical analyses: SAP2000 and SeismoStruct. The differences involved in the numerical model are discussed and the main advantages of a three-step procedure based on the NlTH approach are evidenced.
INTrODucTION
A large part of the buildings located in highly seismic countries like Italy or chile was built before the 80s of the last century. This means that they were designed according to obsolete codes without seismic regulations. It is of great relevance hence to assess the seismic behaviour of these pre-seismic-code buildings and to plan their seismic retrofit. A very effective way to carry out this assessment is to simulate the response of the building under real earthquakes. This can be done through a non-linear time-history (NlTH) analysis. Despite being the most powerful kind of seismic analysis, the NlTH analysis is still scarcely adopted in practice, not only for the assessment of existing buildings but even for the design of new structures [1] [2] [3] .
While different approaches can be exploited to improve the seismic behaviour of buildings as, for instance, base isolation [4] , partial mass isolation [5] [6] or passive dissipative systems [7] [8] , the approach currently most used in earthquake engineering is in fact that of ensuring the building has enough ductility resources to dissipate seismic energy and avoid brittle failure [9] . When r/c moment resisting buildings are concerned, this can be achieved through the fulfilment of strength hierarchy rules and the care in reinforcement detailing, as required by current codes [10] . buildings designed before the development of modern seismic codes, however, hardly meet these requirements. A suitable improvement of the ductile behaviour of pre-seismic-code moment resisting r/c frames can be achieved by confining the critical zones of structural members, where plastic hinges are expected to develop, through carbon fibre reinforced polymers (cFrPs) [11] , which are also able to improve the section strength.
With reference to a r/c framed building designed according to the Italian pre-seismic standard, this paper shows how the NlTH analysis may be effective in (i) assessing the seismic performance of existing structures; (ii) highlighting undesirable collapse mechanisms (for instance, the soft-storey one); (iii) quantifying the earthquake ductility demand; (iv) detecting structural elements needing to be reinforced and (v) checking in advance the behaviour of the retrofitted building.
A suite of spectrum-consistent earthquakes relevant to a high-seismicity Italian site is considered in the study. A non-linear model of the building is assumed while two advanced finite element programmes, SAP2000 [12] and SeismoStruct [13] , are used to perform the nonlinear analyses. A concentrated-plasticity model is adopted in SAP2000 while fibre-based finite elements are introduced in SeismoStruct to simulate the plastic behaviour of the critical sections of the structure. both the concentrated plasticity and the fibre-based approaches are in fact adopted in the literature to perform pseudo-static and dynamic time-history seismic analyses [2] [3] [14] [15] [16] [17] .
The seismic retrofit of the building is assumed to be made with cFrP materials. While the possibility to introduce FrP reinforcement is internally implemented in SeismoStruct, an external study should be carried out to give SAP2000 the properties of the cFrP reinforced sections. A comparison between the results obtained from the two computer programmes is provided while a three-step procedure for the seismic retrofit of r/c existing buildings led by NlTH analyses is presented.
cASE STuDy: PrE-SEISmIc-cODE buIlDINg
A two-storey r/c framed building, assumed to be built in Italy in the 80s of the last century, was considered in the study, see Fig. 1 . The building was designed according to the old 1976 Italian regulation [18] , which did not provide anti-seismic guidance. Some details of the building are provided in Fig. 1 .
The building was modelled with both SAP2000 and SeismoStruct to carry out parallel analyses and compare results. A lamped-plasticity 3D model of the building was adopted in SAP2000 while a distributed plasticity fibre-based 3D model was considered with SeismoStruct. rigid diaphragm constraints are assumed at slabs while slab masses were assigned to the beams. According to Section 3.2.4 of Ec8 [10] , the combination of actions G 1 + G 2 + y 2i ki Q was considered to evaluate the seismic masses, where G 1 , G 2 , and Q ki denote structural loads, non-structural permanent loads and variable actions, respectively; while y 2i is a coefficient taking into account the likelihood of variable actions. The masses associated to non-structural loads and to variable actions are listed in Table 1 (structural masses are internally calculated by the FEm programmes). A rayleigh classic damping model was assumed and a constant value damping ratio x = 5% was assumed for each mode.
Non-linear model of the building with SAP2000
A lamped-plasticity 3D model was adopted in SAP2000, where non-linear frame hinge elements were put at the end of all elements to account for the plastic rotation of extreme sections. A parametric P-m2-m3 nonlinear frame hinge element that can couple the behaviour in the axial and bending directions was chosen to model the extreme sections of columns while m3 hinge elements were adopted for beams. based on FEmA-356 [19] , the forcedisplacement model of the r/c hinge elements given in Fig. 2a , which is assumed by default by SAP2000, see Fig. 2b , was adopted in the present investigation, since no specific plastic-hinge model is provided by Ec8. The values to be assigned to points b, c, D and E in Fig. 2 vary depending on the type of element, kind of materials, longitudinal steel percentage and axial load level. A Takeda behaviour was assumed for concrete and a Kinematic behaviour for reinforcement steel. 
Non-linear model of the building with SeismoStruct
A fibre-based finite element approach was adopted to model the building with SeismoStruct. The hysteretic behaviour assumed for concrete and reinforcement steel is provided in the diagrams of Fig. 3 . As well known, an adequate discretization of the structural members is typically needed in the fibre-based finite element approach to capture the behaviour of those structural parts in which a stress concentration is anticipated, as is the case with the ends of beams and columns in ductile-framed-buildings. The discretization at the section level is preliminary to generate the fibres of the model. To this purpose, the sections of the columns and the beams of the considered building were divided into different areas whose forms end up completely covering the cross section of the element, see 3 SuITES OF SPEcTrum-cONSISTENT EArTHquAkES According to Ec8 [10; 3.2.3.1.2, (4)], a suite of at least three ground acceleration time histories consistent with the reference spectrum should be set to carry out an NlTH analysis. by referring to the target response spectrum relevant to the town of messina (Sicily, Italy), see Fig. 5a , a suite of seven recorded spectrum-compatible acceleration time histories was considered in the present investigation, as obtained through the software rEXEl [20] , see Table 2 . The spectra of the x and y components of the seven earthquakes are given in Fig. 5b while the time-histories of the x components are plotted in Fig. 5c (the time-histories of the y components are not displayed herein for brevity). reference to the European Strong motion Database (ESD) [21] was made by assuming a magnitude range 5 ≤ ≤ M w 7and an epicentre distance ∆ ≤ 20 km. upper and lower tolerated deviation of the average spectrum from the target spectrum were both set to 10%. It can be noted, incidentally, that only the lower deviation is specified by Ec8 (it should not exceed 10%) while no indication about the upper deviation is provided, although the choice of the upper bound for the average spectrum might strongly affect the results of the analysis as discussed in [3] .
4 NlTH ANAlySIS TO lEAD THE SEISmIc rETrOFIT OF A buIlDINg Founded on successive NlTH analyses under spectrum-consistent earthquakes, a 3-step procedure can be followed to seismically retrofit a building. The procedure allows (1) assessing the seismic performance of the pre-seismic-code building, by highlighting any likely sub-standard behaviour of its members; (2) adopting a suitable retrofit strategy based on the findings of the first step; (3) checking the effectiveness of the retrofit strategy by assessing the seismic behaviour of the post-retrofit building. With reference to the case-study building, these steps are described in detail below.
4.1
Step 1: highlight any sub-standard behaviour of the pre-seismic-code building NlTH analyses were carried out to assess the behaviour of the case-study building under the messina spectrum-consistent earthquakes (see Fig. 5 and Table 2 ) by means of SAP2000 and SeismoStruct. The deformed shape obtained through SAP2000 under the strongest earthquake of the suite is plotted in Fig. 6a , where the colours of the plastic hinges are congruent with the performance scale alongside. Although the collapse prevention performance level (cP in the scale in Fig.6 ) is never reached in the considered instances, the cyan coloured plastic hinges denote severe damage at the final sections of the ground floor columns, thus evidencing a soft-storey mechanism. The same undesired failure mode was evidenced by the non-linear analyses carried out with SeismoStruct, see Fig. 7a .
As the time-history analysis progresses within the elements, the stresses that establish the threshold for certain conditions such as the yield of the longitudinal bars, the cracking of the concrete of the unconfined zone, the cracking of the concrete of the confined core and the fracture of longitudinal bars, can be reached. However, one of the most common criteria in earthquake-resistant engineering is to compare the rotation of the structural elements with a certain limit value, in order to obtain the damage achieved by these elements. On the right of Fig. 7a the deformed shape and ultimate chord rotation achieved by the elements of the building when subjected to the seismic action in the x-direction is shown. As can be observed, some of the elements of the pre-retrofit building overcome the ultimate chord rotation of the element. based on these results, it is possible to know which members of a structure need to be retrofited.
4.2
Step 2: adopt a retrofit strategy to improve the seismic performance of the building
The soft-storey behaviour of the pre-retrofit building is due to the unfulfilment of the "strong columns/weak beams" capacity design rule prescribed by the modern seismic codes. While the hierarchy of resistance rule that avoid brittle shear failure was in fact found to be fulfilled by any member of the pre-retrofit building, the Ec8 hierarchy rule [10] , recalled in Eq. (1), linking the strength moments of columns (M Rci ) and beams (M Rbi ) through an overstrength factor ( g Rd = 1 3 . = 1.3) was not met instead.
To overcome such an inadequacy, the flexural strength of the final sections of the ground-floor columns should be properly increased to allow plastic hinges to develop at the end of the beams instead of developing at the end of columns. The achievement of the desired ductility for the whole building (and consequently of its critical regions) as well as the fulfilment of the strength hierarchy rules is pursued by the modern seismic codes through many prescriptive detailing rules that are generally not met by pre-seismic-code buildings.
Since the r/c detailing features can be hardly modified after the construction of a building, to improve the seismic behaviour of existing buildings, a suitable retrofit strategy should be adopted in the perspective of the capacity design philosophy. In the present investigation the top sections of all the ground-floor columns are assumed to be strengthened by means of wrapping cFrP sheets, which is known to improve both ductility and strength of r/c sections. After a preliminary study over different kind of FrP reinforcements, the mapewrapt c uNI-AX-Hm 600 provided by mAPEI [21] was finally chosen, see Table 3 .
4.3
Step 3: assess the seismic performance of the post-retrofit building many techniques are available to improve the behaviour of existing buildings and, whatever the choice, the NlTH analysis might be very useful to assess the effectiveness of the strategy adopted. To this purpose, an FEm model of the reinforced building should be implemented to carry out the NlTH analysis. Only some structural FEm software packages, however, allow the user to implement internally the FrP reinforcement of r/c sections. Among them is SeismoStruct, while, on the contrary, SAP2000 does not presently cover FrP reinforcement simulations.
SAP2000
A lengthy procedure was necessary to model the retrofitted building with SAP2000, which involved (1) a preliminary external analysis to calculate the moment-curvature diagrams through the software bIAXIAl [22] ; (2) a trial and error procedure to find the interaction diagram of the cFrP-reinforced column sections and (3) the manual entry of the data of the plastic hinges at the top of the ground-floor columns so as to simulate the presence of cFrP reinforcement. Fig. 8 provides an instance of the pre-retrofit and post-retrofit behaviour of the column sections, as obtained with SAP2000. With reference to the seven earthquakes given in Table 2 and Fig. 5 , the seismic performance of the post-retrofit building was assessed by means of NlTH analyses carried out through SAP2000. The post-retrofit deformed shape is provided in Fig. 6b where the plastic hinges are also evidenced. A comparison with the pre-retrofit global behaviour of the building (Fig. 6a) shows that the soft-storey mechanism is no longer exhibited while plastic hinges stay within the immediate occupancy zone. Table 2 to assess the performance of the retrofitted building through SeismoStruct. The global behaviour of the post-retrofit building shown in Fig. 7b evidences that the soft-storey mechanism appearing in Fig. 7a still activates after cFrP retrofit, although the plastic deformation is reduced. In order to simplify the discussion of the results, reference to the displacements of the gravity centres of each floor will be made. Fig. 9 shows the displacements of the gravity centres of the two stories of the pre-retrofit and post-retrofit building when subjected to the action of the record 199 in the x-direction (the strongest among the seven selected). Very slight differences can be appreciated from the two diagrams in Fig. 9 .
Finally, by way of comparison, the absolute values of the maximum interstorey drifts in the x-and y-directions of the pre-retrofit and post-retrofit building are presented in Figs. 10 and 11 , respectively. The figures show that an interstorey drift of about 2.2% is experienced by the building in the y-direction, while the drift is less than 1.3% in the x-direction. When comparing the maximum displacements reached in the two directions of analysis, it can be noted that the post-retrofit building reaches values slightly lower than those reached in the pre-retrofit building. This characteristic, added to the improvement in the distribution of stresses at the end elements of the columns of the first floor, evidences the positive contribution of reinforcement with FrP.
The small differences between the displacements of the gravity centre (see Figs. 9a and b ) and between the interstorey drifts (see Figs. 10 and 11 ) of the pre-retroft and post-retrofit buildings are due to the fact that the addition of FrP sheets to the reinforced concrete structure does not increase the overall stiffness, but it only adds additional strength to the ends of the columns improving the whole seismic performance of the building, also in terms of ductility.
cONcluSIONS
The seismic retrofit of pre-code existing buildings can be carried out through a tree-step procedure based on successive non-linear dynamic analyses. Such steps allow one (1) to preliminarily assess the seismic performance of the existing building, highlighting any likely sub-standard behaviour of its members; (2) to choose a suitable retrofit strategy to improve the seismic behaviour of the building; (3) to check the effectiveness of the retrofit strategy under strong earthquakes. This paper showed how this procedure can be applied to a pre-seismic-code reinforced-concrete building seismically retrofitted through cFrP wrapping at the end sections of ground floor columns. A suite of seven spectrum consistent earthquakes referring to the high-seismicity area of messina (Italy) was considered in the study. The NlTH analyses were carried out in parallel through two advanced structural programmes: SAP2000 and SeismoStruct. Some results of the investigation are listed below. • The NlTH analysis highlighted that the pre-code Italian building exhibits a soft-storey mechanism caused by the unfulfilment of the hierarchy of moment strengths at the end of the columns of the ground floor.
• The effectiveness of the seismic retrofit strategy, based on cFrP wrapping of the end sections of the ground floor columns, was checked through the NlTH analysis. A strong-column weak-beam mechanism is finally exhibited by the post-retrofit building modelled with SAP2000, as in fact it is desirable. On the contrary, when analyzed through Seismostruct, the post-retrofit building still exhibited a soft-storey mechanism.
• SeismoStruct is more suitable than SAP2000 to carry out the NlTH analysis of the post-retrofit building, since it allows one to model directly the cFrP reinforcement. A preliminary time-consuming external analysis is needed to model the cFrP wrapped sections in SAP2000 instead, which can make the NlTH analysis of the retrofitted building lengthy and not reliable enough.
• Provided that a suitable structural program is adopted, the three-step procedure based on the NlTH analysis was shown to be very effective when the seismic performance of a precode existing building should be assessed, and its seismic retrofit planned.
Further investigations are underway to compare the present results with those obtained by means of an approach based on pushover analyses as well as to check the efficacy of the procedure when irregular buildings are involved or different retrofit strategies are adopted.
